Introduction {#s1}
============

Ovarian cancer is the most lethal gynecological malignancy worldwide \[[@B1]\]. Ribosomal proteins (RPs) play essential roles in the formation of a fully functional ribosome, which is responsible for protein synthesis in both prokaryotic and eukaryotic cells. Over the past decades, more and more RPs have been identified to exert diverse functions in addition to protein synthesis \[[@B2],[@B3]\]. Some studies have shown that the dysfunction of ribosomal proteins results in dysregulation of protein translation, leading to the development of many cancers \[[@B4],[@B5]\]. However, the underlying mechanisms are largely unknown.

Some studies have shown that RP genes are oncogenes in human tissues. Ever since RPS19 was found to have a close relationship with progression and differentiation of colon carcinoma 20 years ago \[[@B6]\], RPs have been reported to have important roles in many cancers. For example, silencing of ribosomal proteins L26 and L29 by small interfering RNAs (siRNAs) inhibited the proliferation of human pancreatic cancer cells \[[@B7]\]. Knockdown of the ribosomal protein RPL19 by siRNA abrogated the aggressive phenotype of human prostate cancer \[[@B8]\]. The ribosomal protein L6 promoted cell cycle progression through up-regulating cyclin E in gastric cancer cells \[[@B9]\]. Overexpression of the ribosomal protein L15 was associated with cell proliferation in esophageal cancer \[[@B10]\]. Overexpression of RPL36a enhanced cellular proliferation in hepatocellular carcinoma \[[@B11]\]. Another study demonstrated that RPS7 may block the function of p53/MDM2 and abrogate the Ling Zhi-8-induced lung cancer cell proliferative advantage \[[@B12]\]. In our previous work, we used zebrafish as a model and found that at the early stage of embryonic development, RPS7 suppressed cell apoptosis and cell cycle progression through dysregulation of p53 \[[@B13],[@B14]\], indicating that RPS7 might be an important factor in human cancers. However, in 2007, RPS7 was also identified to activate p53 and MDM2, which subsequently promoted cellular apoptosis and inhibited cell proliferation \[[@B15]\]. Thus, the regulatory function of RPs in tumorigenesis is controversial and still needs further investigations.

To elucidate the biological function of RPS7 in ovarian cancer, we silenced the expression of RPS7 by specific shRNA in ovarian cancer cell lines and tested the effects of RPS7 on cell proliferation, apoptosis, cell cycle, migration, invasion, and tumorigenesis. Our results demonstrate that RPS7 suppresses ovarian tumorigenesis and metastasis through dysregulation of PI3K/AKT and MAPK signal pathways.

Materials and Methods {#s2}
=====================

Ethics statement {#s2.1}
----------------

All mouse experiments were approved by the Institutional Animal Care and Use Committee of Fudan University Shanghai Cancer Center, and performed following the institutional guidelines.

Cell lines and cell culture {#s2.2}
---------------------------

Human epithelial ovarian cancer cell lines OVCA433, OVCA429, OVCA420, SKOV3, and retroviral packaging cells (Phoenix amphotropic cells) were purchased from American Type Culture Collection (Manassas, VA). Immortalized human ovarian surface epithelial cell line T29 was derived from the normal ovarian surface epithelial cell line IOSE29, which was described elsewhere \[[@B16],[@B17]\]. OVCA433, OVCA429, T29 and phoenix cells were maintained in DMEM medium supplemented with 10% fetal bovine serum, 2 mM l-glutamine, nonessential amino acids (1%), 1 mM sodium pyruvate, penicillin (100 units/mL), and streptomycin (100 µg/mL). SKOV3 and OVCA420 cells were maintained in RPMI 1640 medium containing 10% fetal bovine serum, 2 mM l-glutamine, penicillin (100 units/mL), and streptomycin (100 µg/mL).

Cisplatin treatment {#s2.3}
-------------------

Cisplatin was purchased from QiLu pharmaceutical company (Shanghai, China). Stock concentration of cisplatin was 5mg/ml and the concentration used to treat ovarian cancer lines was 2.5 µg/mL. The apoptosis of cells was detected by Nicoletti assay \[[@B18]\].

Generation and retroviral delivery of small hairpin RNA (shRNA) against RPS7 mRNA {#s2.4}
---------------------------------------------------------------------------------

The DNA oligonucleotides used to generate shRNA against the open reading frame of RPS7 mRNA (positions 167--189) were 5-TCGGAAAGCTATCATAATCTTTa-3. pBabe/U6/shPRS7 was generated according to the previously reported method \[[@B19],[@B20]\]. The control vector was similarly constructed by directly inserting oligonucleotides encoding small hairpin RNA against green fluorescence protein mRNA (shGFP) into pBabe/U6/puromycin \[[@B19],[@B21]\].

Retroviruses expressing RPS7 shRNA or GFP shRNA were produced by transfection of pBabe/U6/shRPS7 or pBabe/U6/shGFP into phoenix amphotropic cells and used to infect target cells (SKOV3 , OVCA429, and OVCA433) by using a method described before \[[@B19]\]. Briefly, cells were infected twice for a total of 6 days (3 days for each infection) and the positive clones were selected with puromycin (200 ng/mL) for 10--14 days to establish stable cell lines expressing shRPS7 or shGFP. The resulting cells were used for following experiments without addition of puromycin.

Cell proliferation {#s2.5}
------------------

Cells were detached by using trypsinization and washed twice with PBS. 2×10^3^ cells per well were seeded in 96-well culture plates (Corning Inc., Corning, NY) in 100 μl medium and cultured for 2, 4, 6, 8, 10 days. Cell growth was detected using Cell Counting Kit-8(CCK-8) (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. Absorbance at 450 nm was measured with a microplate reader. The assay was independently repeated three times.

Cell invasion and migration {#s2.6}
---------------------------

To test cell invasion, we used a high throughput screening multi-well insert 24-well two-chamber plate (BD Biosciences, San Jose, CA), with an 8-µm (pore size) polycarbonate filter between chambers. 2.5 × 10^3^ cells of SKOV3-shRSP7, OVCA429-shRPS7 or OVCA433-shRSP7 and their corresponding controls expressing shGFP were added in upper chamber and allowed to invade at 37°C for 24 hours toward a lower reservoir containing medium plus fibronectin (20 µg/mL). The cells were then fixed in 100% methanol for 30 minutes and stained with Giemsa solution for 10 minutes. The invasive cells were counted as those passed through the membrane separating the chamber. All cells were counted at ×200 magnification under a microscope. The assay was repeated three times with duplicate.

To examine cell migration, cells were incubated in 6-well plate over-night to yield monolayer confluence for scratch assay. Scratches were made using a pipette tip and photographed immediately (time 0) and 24 hours' later. The distance migrated by the cell monolayer to close the scratch area during the time period was measured. Results were analyzed as migration index, which was the ratio of the cell migration distance at 24h to that at 0h.The assay was carried out in triplicate and repeated three times.

Anchorage-independent colony formation {#s2.7}
--------------------------------------

To detect anchorage-independent colony growth, soft agar assay was performed with cells stably expressing either shRPS7 or shGFP according to the previously published method \[[@B19],[@B20]\]. Briefly, 5 × 10^4^ cells were suspended in 2 mL of medium with 0.35% agarose (Life Technologies), and the suspension was placed on top of 5 mL of solidified 0.7% agarose. Triplicate cultures of each cell type were maintained for 14-28 days at 37°C in a 5% CO2 atmosphere, and fresh medium was fed every 7 days. The number of colonies \> 50 µm (\~100 cells) in diameter in each dish was counted at 14 to 20 days. The assay was repeated three times in duplicate.

Cell cycle and apoptosis {#s2.8}
------------------------

Cells (1--2 × 10^6^) were fixed with 4 mL of cold 75% ethanol at 4°C for a minimum of 4 hours and stained with 200 µL of propidium iodide (50 µL/mL; Sigma-Aldrich) and 20 µL of RNase (1 mg/mL; Sigma-Aldrich) in a 37°C water bath for 15 to 20 minutes. Cell cycles were determined by FACStation (BD Biosciences) and analyzed by using CellQuest software and a published method \[[@B19]\]. The assay was repeated three times in duplicate. This method was also used to detect the percentage of sub-G1 cells, which represents cellular apoptosis after cells were treated with or without cisplatin.

To detect apoptosis, 1 × 10^5^ cells were stained with Annexin V and propidium iodide according to the instruction of the Annexin V--fluorescence apoptosis detection kit I (BD Biosciences PharMingen), and to analysis with a FAC Station equipped with CellQuest software. The percentage of apoptotic cells was calculated in terms of peaks (M2) in the histogram, representing an early apoptotic population (Annexin V+/PI−) among the total cells analyzed. The experiment was done in duplicate and repeated three times.

Real-time PCR {#s2.9}
-------------

Total RNA from 2 × 10^6^ cells for each cell line was isolated by using Trizol reagent (Invitrogen, Carlsbad, CA). All RNAs were then reversely transcribed into cDNAs that were suitable for real-time PCR analysis using the ExScript RT-PCR kit (TaKaRa, Japan). To synthesize cDNA, 0.5 mM deoxynucleoside triphosphate, 50 pmol random hexamers, 50 U ExScript reverse transcriptase (200 U/μl), 10 U RNase inhibitor, 500 ng total RNA, and 1 × reaction buffer were mixed in each reaction tube (10μl per reaction) and then incubated at 42°C for 15 min, followed by a 2-min incubation at 95°C to inactivate the ExScript reverse transcriptase. Oligonucleotide primers for RPS7 were 5'-GTCGTCTTTATCGCTCAGAG-3' (Forward primer) and 5'-TGTCAGAGTACGGCTCCTG-3' (Reverse primers). Oligonucleotide primers for GAPDH were 5'- GGCCTCCAAGGAGTAAGACC-3' (forward primer) and 5'-CAAGGGGTCTACATGGCAAC-3' (reverse primers). All ampliﬁcations and detections were carried out in the Applied Biosystems Prism 7900 system (Applied Biosystems, Foster City, CA) using the ExScript Sybr green QPCR kit (TaKaRa) and the following program: 95°C for 10 s, one cycle; 95°C for 5 s, 62°C for 31 s, 40 cycles; followed by a 30-min melting curve collection to verify the primer dimers. Statistical analysis was performed using the 2^-△△CT^ relative quantiﬁcation method.

Immunoblotting analysis {#s2.10}
-----------------------

To analyze RPS7 expression in cells, we prepared cell lysates at 75% of confluence using 500 µL of radioimmunoprecipitation assay buffer (RIPA, 25 mM Tris--HCl at pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate). Protein concentrations of the lysates were determined with a Bio-Rad protein assay kit (Hercules, CA). Immunoblotting analyses were performed as described previously \[[@B22]\]. Antibodies against the following proteins were obtained from Santa Cruz Biotechnology: RPS7, BAX, Bcl-2, cyclin-dependent kinase (CDK) 2, CDK4, cyclin B1, cyclin D1, p21^waf1/cip1^, p27^cip/kip^, MMP2, MMP9, MMP13, AKT1, AKT2 and E-cadherin. Antibodies against the following proteins were from Cell Signaling Technology (Danvers, MA): β-actin, BAD, Bcl-XS, β-cantenin, MEK1/2, ERK1/2, JNK1/2, P38, P85α, P110α, pMEK1/2 (Ser217/221), pERK1/2 (Thr202/Tyr204), pJNK1/2(Thr183/Tyr185) and pP38 (Thr180/Tyr182). The secondary antibodies were F(ab)2 fragment of donkey anti-mouse immunoglobulin (product NA931) or of donkey anti-rabbit immunoglobulin (product NA9340) linked to horseradish peroxidase from Amersham Biosciences (Little Chalfont, Buckinghamshire,UK). Immunoblotting reagents were from an electrochemiluminescence kit (Amersham Biosciences).

Xenograft tumors in nude mice {#s2.11}
-----------------------------

All mouse experiments were performed following the institutional guidelines approved by the Institutional Animal Care and Use Committee of Fudan University Shanghai Cancer Center. Xenograft tumors were either subcutaneously or intraperitoneally generated to monitor tumor growth or metastasis of SKOV3-shRPS7 and OVCA433-shRPS cells and their controls. 4- to 6-week-old BALB/c athymic nude mice (Department of Laboratory Animal, Fudan University) were used for the experiment and kept in a pathogen-free environment. For the subcutaneous injection group, 5 × 10^6^ cells were used for each injection, and each mouse received two injections in bilateral flanks. Total five mice were used for each cell line. The date on which the first grossly visible tumor appeared for subcutaneous injection was recorded, and the tumor size was measured every 3 days. Two-dimensional measurements were taken with an electronic caliper, and tumor volume was calculated with the use of the following formula: tumor volume (in mm^3^) = a × b^2^ × 0.52 \[[@B23]\], where a is the longest diameter, b is the shortest diameter, and 0.52 is a constant to calculate the volume of an ellipsoid. When a tumor reached 1.0 cm in diameter, the mouse was killed by exposure to 5% carbon monoxide. Four tumors per cell line were excised, fixed in 10% formalin overnight, and subjected to routine histological examination by investigators who were blinded to the tumor status.

For the intraperitoneal injection group, eight mice were used for each cell line and each mouse received one injection of 5 × 10^6^ cells. Mice were observed for lethargy, poor appetite, and abdominal enlargement, and sacrificed timely before natural death occurred. Tumor nodules were counted, weighed, and measured for their numbers, weights, and volumes. Animal assays were repeated twice.

Immunohistochemical staining and analysis {#s2.12}
-----------------------------------------

Samples from 20 xenograft mouse tumors were used for immunohistochemical staining of E-cadherin and β-catenin expression. Antibodies used to detect E-cadherin and β-cantenin were from Santa Cruz Biotechnology (Santa Cruz, CA). The paraffin-embedded sections were pre-treated and stained with antibodies by using the previously reported method \[[@B20],[@B24]\]. The secondary antibodies against mouse or rabbit IgG were supplied in an IHC kit (\#CW2069) from Beijing CoWin Bioscience Co. Ltd (Beijing, China).

### Statistical analysis {#s2.12.1}

All data were analyzed by the Student *t* test. *P \< 0.05* was considered statistically significant.

Results {#s3}
=======

Knockdown of RPS7 increases cell proliferation {#s3.1}
----------------------------------------------

To investigate the function of RPS7 in human ovarian cancer, we first detected the expression level of RPS7 in four human ovarian cancer cell lines and one immortalized human ovarian surface epithelial cell line (T29). We found that the expression of RPS7 was higher in SKOV3, OVCA429 and OVCA433 cells than in OVCA420 and T29 cells ([Figure **1A**](#pone-0079117-g001){ref-type="fig"}). Thus, we introduced retroviruses carrying shRNA against RPS7 into SKOV3, OVCA429 and OVCA433 cells to generate SKOV3-shRPS7, OVCA429-shRPS7 and OVCA433-shRPS7 cells (corresponding control cells were infected with retroviruses expressing shGFP). As detected by Western blotting and realtime PCR, respectively, both the mRNA level and the protein level of RPS7 were decreased in cells treated with RPS7 shRNA compared with in controls ([Figure **1B-C**](#pone-0079117-g001){ref-type="fig"}). We next evaluated cell proliferation rates of the cell lines by CCK8 assay. The results showed that cells expressing shRNA had higher level of proliferation than the corresponding control cells expressing shGFP ([Figure **1D**](#pone-0079117-g001){ref-type="fig"}).

![Expression of RPS7 in ovarian cancer cells and immortalized ovarian surface epithelial cells and effects of RPS7 on cell proliferation and cell cycle.\
**A**, Detection of RPS7 expression by Western blotting in SKOV3, OVCA433, OVCA429, OVCA420 and T29 cells. **B**-**C**, Analyses of RPS7 by Western blotting (B) and realtime-PCR (C) in cells expressing shGFP or shRPS7. **D**, Detection of cell proliferation by CCK8 (*P \< 0.05*). Error bars = 95% confidence intervals (CIs). **E**, Quantitative analysis of cell cycle distribution. Data from three independent experiments were analyzed (*P \< 0.05*). Error bars = 95% CIs. **F**, Immunoblotting analysis of cell cycle regulatory proteins. β-actin was used as the loading control.](pone.0079117.g001){#pone-0079117-g001}

Down-regulation of RPS7 promotes cell cycle progression {#s3.2}
-------------------------------------------------------

Previous studies have shown that RPS7 may accelerate the G2-M phase transition of cell cycle during the early development of zebrafish embryo \[[@B13]\]. We found that the cell population was decreased at the G0-G1 phase but increased at both S and G2-M phases in three cell lines treated with RPS7 shRNA compared with in control cells ([Figure **1E**](#pone-0079117-g001){ref-type="fig"}). To explore the potential mechanism, we analyzed major proteins associated with cell cycle progression by Western blotting. The results in [Figure **1F**](#pone-0079117-g001){ref-type="fig"} showed that p21^Cip1/Waf1^, an essential suppressor involved in the G1-S cell cycle transition, was remarkably decreased in SKOV3, OVCA429, and OVCA433 cells after RPS7 was knocked down compared with in control cells ([Figure **1F**](#pone-0079117-g001){ref-type="fig"}). Cyclin-dependant kinase 4 (Cdk 4) was markedly increased in SKOV3-shRPS7 and OVCA429-shRPS7 cells, but was slightly increased in OVCA433-shRPS7 cells compared with in control cells expressing shGFP. Cyclin D1, a Cdk4 partner protein, was not altered in OVCA433-shRPS7, but was increased in OVCA429-shRPS7 and SKOV3-shRPS7 cells ([Figure **1F**](#pone-0079117-g001){ref-type="fig"}), compared with in their control cells. The S-phase regulatory protein Cdk2 was markedly increased in all cells whose expression of RPS7 was silenced, compared with in their control cells. Meanwhile, we found that cyclin B1, a G2-M transition-promoting protein, was increased in SKOV3, OVCA429 and OVCA433 cells after RPS7 was silenced. These data suggested that RPS7 promotes ovarian cancer cell cycle progression in the G1-S and G2-M transitions, possibly through suppression of p21^Cip1/Waf1^. Other factors, such as Cdk4 and cyclin B1, may also be involved in RPS7-associated cell cycle regulation.

Knockdown of RPS7 attenuates cellular apoptosis in ovarian cancer cells {#s3.3}
-----------------------------------------------------------------------

We investigated the effect of RPS7 expression on cellular apoptosis using annexin v fluorescence apoptosis assay. Although silencing of RPS7 expression slightly reduced cell apoptosis ([Figure **2A-B**](#pone-0079117-g002){ref-type="fig"}), a decreased expression of the pro-apoptotic proteins p21^waf1/cip1^, p27^cip/kip^, BAX, BAK and BAD, and an enhanced expression of the anti-apoptotic proteins Bcl-2 and Bcl-xl were detected in shRPS7-treated cells, compared with in control cells ([Figure **1F** and Figure **2C**](#pone-0079117-g001){ref-type="fig"}). These data suggested that RPS7 might contribute to cellular apoptosis.

![Examination of cell apoptosis associated with RPS7.\
**A**, Apoptosis detected by flow cytometry. **B**, Quantitative analysis of apoptotic cells (*P \< 0.05*). Error bars = 95% CIs. **C**, Immunoblotting analysis of apoptosis-associated proteins. β-actin was used as the loading control. **D**, Cisplatin-induced apoptosis indicated as sub-G1 population detected by flow cytometry. **E**, Quantitative analysis of sub-G1 cells (*P \< 0.05*). Error bars = 95% CIs.](pone.0079117.g002){#pone-0079117-g002}

To validate the above results, we treated SKOV3-shRPS7, OVCA429-shRNA, OVCA433-shRPS7 cells, and their control cells with cisplatin and used flow cytometry to detect cell apoptosis indicated as the percentage of sub-G1 cells with PI staining (chromosomes \< 2n). We found that, with the stimulation of cisplatin at 2.5 µg/mL, the percentage of sub-G1 cells was lower in SKOV3-shRPS7 (6.4%), OVCA429-shRNA (12.5%) or OVCA433-shRPS7 (8.5%) cells than that in SKOV3-shGFP (9.7%), OVCA429-shGFP (15.8%), or OVCA433-shGFP (13.7%) cells ([Figure **2D-E**](#pone-0079117-g002){ref-type="fig"}) (*P* \< 0.05). However, without cisplatin treatment, the percentage of sub-G1 cells was much lower in both shRNA-treated cells and their control cells and had no statistical significance between shRNA-treated cells and their control cells ([Figure S1](#pone.0079117.s001){ref-type="supplementary-material"}) (*P* \> 0.05). These results suggested that knock down of RPS7 moderately attenuated cancer cells apoptosis and chemo-sensitivity to cisplatin treatment.

RPS7 regulates PI3K/AKT and MAPK signal networks {#s3.4}
------------------------------------------------

Since PI3K/AKT and MAPK are two important intracellular pathways involved in cell proliferation, cell cycle, and apoptosis, we detected some important members in PI3K/AKT and MAPK signal networks by Western blotting. We found that the levels of P85α and P110α, two main subunits of PI3K, were increased in SKOV3-shRPS7, OVCA429-shRPS7 or OVCA433-shRPS7 cells ([Figure **3A**](#pone-0079117-g003){ref-type="fig"}), compared within their controls. AKT1 was decreased in SKOV3 and OVCA429, but not changed in OVCA433 after RPS7 was silenced ([Figure **3A**](#pone-0079117-g003){ref-type="fig"}), whereas AKT2 was increased in all three cell lines in which RSP7 was silenced ([Figure **3A**](#pone-0079117-g003){ref-type="fig"}), compared with in cells expressing shGFP.

![Detection of PI3K/AKT and MAPK signal pathways by Western blotting.\
**A**, Immunoblotting analysis of molecules associated with PI3K/AKT signal pathway. β-actin was used as the loading control. **B**, Immunoblotting analysis of molecules associated with MAPK signal pathway. β-actin was used as the loading control.](pone.0079117.g003){#pone-0079117-g003}

ERK 1/2, MEK1/2 and JNK1/2 were reduced in SKOV3-shRPS7 and OVCA429-shRPS7, but not in OVCA433-shRPS7 ([Figure **3B**](#pone-0079117-g003){ref-type="fig"}), and the phosphorylation of MEK1/2 (Ser217/221), ERK1/2 ( Thr202/Tyr204), and JNK1/2(Thr183/Tyr185) was reduced in SKOV3-shRPS7, OVCA429-shRPS7 and OVCA433-shRPS7 cells, compared with in their controls ([Figure **3B**](#pone-0079117-g003){ref-type="fig"}). The phosphorylation of P38 (Thr180/Tyr182) was reduced in all three ovarian cancer cell lines after RPS7 was silenced, but P38 was not changed in SKOV3-shRPS7, OVCA429-shRPS7 and OVCA433-shRPS7 cells ([Figure **3B**](#pone-0079117-g003){ref-type="fig"}). Thus, based on the above results, we infer that RPS7 may regulate cell proliferation, cell cycle, and cell apoptosis through PI3K/AKT and MAPK signaling.

Knockdown of RPS7 promotes cell invasion and migration {#s3.5}
------------------------------------------------------

To investigate the function of RPS7 in invasion and migration, we performed assays using a high throughput transwell assay. We found that more SKOV3-shRPS7, OVCA429-shRPS7 and OVCA433-shRPS7 cells invaded through the membrane in the bottom chamber than their control cells ([Figure **4A-B**](#pone-0079117-g004){ref-type="fig"}). We also detected migration speed by scratch assay and found that the migration speed of SKOV3-shRPS7, OVCA429-shRPS7 or OVCA433-shRPS7 cells was increased after 24h culture compared with control cells ([Figure **3C-D**](#pone-0079117-g003){ref-type="fig"}). Further, we determined the expression of migration-related proteins, including members of matrix metalloproteinase family (MMP), E-cadherin, and β-catenin. Compared with in control cells, the expression level of MMP2 was up-regulated in SKOV3-shRPS7 cells and OVCA429-shRPS7, but was not changed in OVCA433-shRPS7 cells ([Figure **4E**](#pone-0079117-g004){ref-type="fig"}). MMP9 was increased in OVCA433-shRPS7 cells, but not in SKOV3-shRPS7 and OVCA429-shRPS7 cells ([Figure **4E**](#pone-0079117-g004){ref-type="fig"}). MMP13 was increased in SKOV3-shRPS7 cells, but not in OVCA429-shRPS7 and OVCA433-shRPS7 cells ([Figure **4E**](#pone-0079117-g004){ref-type="fig"}). Both E-cadherin and β-catenin were decreased in all ovarian cancer cell lines whose RPS7 was silenced ([Figure **4E**](#pone-0079117-g004){ref-type="fig"}). Based on these results, RPS7 appears to influence ovarian cancer cell invasion and migration possibly through regulation of MMP2, E-cadherin, and β-catenin.

![Influence of cell invasion and migration by RPS7.\
**A**, Detection of cell invasion by using a high throughput screening multi-well insert 24-well two-chamber plates. **B**, Quantitative analysis of migration cells (*P \< 0.05*). Error bars = 95% CIs. **C**, Quantitative analysis of migration speed with migration index (*P \< 0.05*). Error bars = 95% CIs. **D**, Detection of migration speed by scratch assay. **E**, Immunoblotting analysis of metastasis-associated proteins. β-actin was used as the loading control.](pone.0079117.g004){#pone-0079117-g004}

RPS7 is involved in ovarian tumorigenesis and metastasis {#s3.6}
--------------------------------------------------------

To determine the roles of RPS7 in ovarian tumorigenesis, we first performed the anchorage-independent growth assay and found that SKOV3-shRPS7, OVCA429-shRPS7 and OVCA433-shRPS7 cells generated a greater number of colonies than their control cells (P \< 0.05) ([Figure **5A**](#pone-0079117-g005){ref-type="fig"}). To test the in vivo effect of RPS7 on tumorigenesis, SKOV3-shRPS7 or OVCA433-shRPS7 cells and their corresponding controls were subcutaneously injected into nude mice. As shown in [Figure **5B-C**](#pone-0079117-g005){ref-type="fig"}, the tumors from nude mice injected with SKOV3-shRPS7 or OVCA433-shRPS7 cells grew faster and to a larger volume than those derived from control cells (P \< 0.05).

![Xenograft tumor burden in mice with or without silencing of RPS7.\
**A**, In vitro tumorigenicity tested by soft agar assay (*P \< 0.05*). Error bars = 95% CIs. **B**, In vivo tumorigenesis examined by animal assay. **C**, Subcutaneous tumor growth from mice injected with cells expressing either shGFP or shRPS7 (*P \< 0.05*). Error bars = 95% CIs.](pone.0079117.g005){#pone-0079117-g005}

To further explore the function of RPS7 in cancer cell metastasis, SKOV3-shRPS7 or OVCA433-shRPS7 cells and their corresponding controls were intraperitoneally injected into nude mice. The results showed that silencing of RPS7 increased the number and weight of nodules ([Figure **6B**](#pone-0079117-g006){ref-type="fig"}) and tumor ascites ([Figure **6C-E**](#pone-0079117-g006){ref-type="fig"}) in mice injected with cells treated with shRPS7 compared with mice injected with cells expressing shGFP (P \< 0.05).

![Analysis of intraperitoneally generated xenograft tumors and tissues.\
**A**, Dissection of xenograft tumor. **B**, Quantitative analysis of the number of nodules in nude mice (*P \< 0.05*). Error bars = 95% CIs. **C**, Quantitative analysis of the weight of nodules in nude mice (*P \< 0.05*). Error bars = 95% CIs. **D**, Quantitative analysis of the volume of tumor ascites in nude mice (*P \< 0.05*). Error bars = 95% CIs. **E**, Immunohistochemical staining of E-cadherin and β-catenin in xenograft tumor tissues. Tissues were stained with mouse anti- E-cadherin andβ-catenin antibodies and visualized with donkey anti-mouse secondary antibody (Magnification×200).](pone.0079117.g006){#pone-0079117-g006}

The analysis of tumors from nude mice by immunohistochemical staining showed that the expression of both E-cadherin and β-catenin in tumor tissue from nude mice injected with SKOV3-shRPS7 or OVCA433-shRPS7 cells were reduced compared with those in tumor tissues derived from mice injected with corresponding control cells ([Figure **6A**](#pone-0079117-g006){ref-type="fig"}). These results suggested that RSP7 might function to suppress tumor growth and metastasis during the development of ovarian cancer, which is consistent with the data that RSP7 inhibits cell invasion and migration ([Figure **4**](#pone-0079117-g004){ref-type="fig"}).

Discussion {#s4}
==========

In this study, we found that the aberrant expression of RPS7 might be associated with the development of ovarian cancer. Silencing of RPS7 promoted cell proliferation through dysregulation of p21^waf1/cip1^, CDK2, CDK4, Cyclin B1, and Cyclin D1. Moreover, knockdown of RPS7 down-regulated the expression of pro-apoptotic factors such as p27^cip/kip^, BAX, BAK, and BAD, but up-regulated the expression of anti-apoptotic factors, including Bcl-2 and Bcl-xl, which resulted in attenuated apoptosis. Subsequently, we found that silencing of RPS7 enhanced cell migration and invasion, which is consistent to the regulatory functions of RPS7 in cell cycle and apoptosis. Further studies revealed that RPS7 might control the PI3K/AKT and MAPK signal networks to inhibit ovarian tumorigenesis and metastasis.

Over the past decades, ribosomal proteins (RPs) have been found to play important roles in the development of many cancers, including colon carcinoma, breast cancer, esophageal cancer, and hepatocellular carcinoma \[[@B25]-[@B27]\]. Extensive evidences on RPs' tumorigenic functions have been documented these years. Wu et al. found that overexpression of RPL6 in human gastric tissues predicted poor prognosis. Up-regulation of RPL6 accelerated cell growth and enhanced in vitro colony formation of gastric cancer cells, while down-regulation of RPL6 could suppress cell cycle progression, at least partially through down-regulating cyclin E, indicating that RPL6 might be used as a novel therapeutic target for gastric cancer \[[@B4]\]. Llanos et al. found that the ectopic overexpression of RPL37 attenuated the DNA damage response mediated by p53, which supports the notion that the DNA damage-induced proteasome degradation of RPL37 constitutes a mechanistic link between DNA damage and ribosomal stress pathway \[[@B28]\]. Kobayashi et al. confirmed that knockdown of RPL13 using small interfering RNA ( siRNA) resulted in drastic attenuation of gastrointestinal cancer cell growth with significant G1 and G2/M arrest of cell cycle \[[@B5]\]. Further, they found that RPL13 siRNA significantly enhanced the cellular sensitivity to certain DNA damaging agents and, concordantly, RPL13-overexpressing cells displayed greater chemoresistance than the parental cells, suggesting that an inverse correlation exists between RPL13 expression and chemosensitivity \[[@B5]\]. However, Chien et al. reported that RPS19 in colorectal cancer (CRC) possibly promoted cellular apoptosis through BAX/p53 pathway, and that the level of fecal RPS19 might be used as a favorable prognostic factor for CRC patients \[[@B29]\]. Thus, the function of RPs involved in cell proliferation, cell cycle, apoptosis and tumorigenesis varies depending on tissues and cell types studied in literatures. Our results demonstrate that RPS is abnormally expressed in ovarian cancer cell lines and tissues and plays an important role in ovarian tumorigenesis and chemo-sensitivity. However, the clinical significance of RPS7 in ovarian cancer remains to be investigated in future.

In conclusion, we demonstrate that RPS7 inhibits ovarian tumor growth and metastasis through regulation of the PI3K/AKT and MAPK signal pathways.
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